We find an unambiguous relationship between disorder-driven features in the temperature dependence of the resistance and the behavior, as functions of the temperature, of the parameters necessary to describe some of the relaxation processes in the photoinduced differential time-resolved reflectivity of three samples of N d1.83Ce0.17CuO 4±δ . The latter, sharing the same Ce content, have been fabricated and annealed ad-hoc in order to differ only for the degree of disorder, mainly related to oxygen content and location, and, consequently, for the temperature dependence of the resistance: two of them present a minimum in the resistance and behave as a superconductor and as a metal, respectively, the third behaves as an insulator. The systematic coherence between the resistance and the relaxation parameters behaviors in temperature for all three samples is absolutely remarkable and shows that pump-probe measurements can be extremely sensitive to disorder as it drives the emergence of new excitations and of the related relaxation channels as in this paradigmatic case.
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I. INTRODUCTION
One of the most puzzling peculiarities of superconductivity in electron-doped cuprates is its relationship to disorder and, in particular, to oxygen disorder 1,2 . Superconductivity occurs in a narrow range of cerium doping and requires an additional oxygen reduction treatment at the end of the fabrication process [3] [4] [5] [6] . The amount of oxygen removed during this ultimate annealing is very small 7 , while the treatment has so strong influence on the electrical and magnetic properties of the samples [8] [9] [10] [11] , which change from antiferromagnetic insulators to superconductors 12, 13 , to suppose that also a redistribution among all possible oxygen sites could occur as well as some other structural changes [14] [15] [16] . The true effects of this thermal treatment and its connection to superconductivity have been the object of intensive experimental studies, but they are still quite far from being understood and constitute one of the most intriguing challenges in the field 16, 17 . Different microscopic mechanisms have been conjectured. On one hand, if oxygen vacancies are created in the CuO 2 planes and/or in the charge-reservoir layers, the AF correlation length will decrease (antiferromagnetic order suppression with respect to as-grown samples fabricated in oxygen rich atmosphere) as confirmed by angle-resolved photoemission spectroscopy on differently oxygenated single crystals 18 . On the other hand, if non-stoichiometric oxygens at the apical positions are removed, the disorder will be reduced 16 : in optimally reduced crystals, electron localization and pair breaking effects are reduced with respect to as-grown and overreduced samples 19 . Moreover, the evidence of a structural restructuring involving copper ion migration 15 and the change of the c lattice parameter 16 have been reported among the consequences of the high-temperature oxygen-reduction treatment inducing superconductivity. One more ingredient in the puzzle is connected to the extreme conditions in which the annealing procedure necessary to induce superconductivity has to be carried out 20 . Accordingly, such a treatment inevitably becomes itself one of the main sources of disorder in the system. Such a disorder (mainly related to oxygen vacancies and non-stoichiometric occupations) largely affect the spectrum of the excitations in the system and is held responsible for the localization effects observed in the in-plane transport properties 21, 22 . In particular, it was reported that the temperature T m at which the in-plane resistivity features a minimum in metallic (low-temperature reduced) and superconducting (high-temperature reduced) samples can be decreased by repeated low-temperature annealing procedures in oxygen deficient atmosphere 16 . Such a behavior can be easily explained in terms of a reduction of the degree of positional disorder of the in-plane oxygen vacancies at each cycle of such a treatment with a consequent reduction of their (or of any related scattering center) de-phasing capabilities. Along this line, the high-temperature treatments (necessary to induce superconductivity) could be instead held responsible for the removal of non-stoichiometric oxygens at the apical positions and for the related change of the lattice parameter in the c direction.
Guided by the idea that defects not only affect the spectrum of excitations of the pristine system, but they can even induce/foster new excitations in the system in connection to their degree of positional disorder, we have performed time-resolved reflectivity (TRR) pump-probe experiments on three films of N d 1.83 Ce 0.17 CuO 4±δ with substantially different in-plane transport properties induced by different fabrication procedures and/or ex-situ thermal treatments with respect to oxygen content and disorder. Our choice of the TRR technique was dictated by the well-proven capability of pump-probe techniques to reveal the presence of various kinds of excitations in a system identifying their different relaxation dynamics [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . A new excitation manifested as additional relaxation channel proving that it is possible to turn a TRR measurement, although indirectly, into a disorder-sensitive probe. Then, comparing the features in temperature of the in-plane resistivity of the three samples to the features in temperature of the additional relaxation processes parametrization, we have managed to prove our initial hypothesis.
It is necessary to clarify how we have identified the new excitations and the related additional relaxation channels: similar TRR pump-probe experiments have already been performed on a optimally-reduced single crystal of the same material with a value of cerium doping equal to 0.15 35 . In such measurements, at temperatures above the superconducting critical one, a single relaxation channel has been identified and assigned to those excitations responsible for the so-called pseudogap phenomenology. Our measurements reproduce faithfully such results, but also evidence the existence of a second relaxation channel whose parametrization unequivocally shows features in temperature that can be strictly related to those reported by the in-plane resistivity of our samples.
Given the main objective to identify new excitations and additional relaxation channels to be strictly and unambiguously connected to oxygen disorder, we have chosen the system to study and the conditions under which performing this study so to have a well defined reference and, consequently, to be in the best possible conditions to appreciate similarities and differences. This is the obvious reason why we have not only chosen a system where TRR pump-probe experiments have already been performed 35 , without showing any additional channel with respect to the canonical ones (pseudogap and superconductivity), but we also used the same central wavelength (795 nm) and working pump fluence (2 µJ/cm 2 ). This allowed us first to benchmark our results by reproducing those already obtained in Ref. 35 as regards both the pseudogap and the superconducting channels (the presence of the latter is a trademark of quality in itself for such systems). Second, in these conditions, if any different behavior among our films and the singlecrystal sample used in Ref. 35 would come out from our measurements, it can only be assigned to the main difference between them: the disorder caused by the different oxygen content and location induced in the fabrication process.
II. THEORETICAL BACKGROUND
If a system sustains a collective excitation of any kind, the Raman interaction H R describes the coupling of an applied electric field E (e.g., the one carried by the laser pump pulse) to such a collective mode 36 :
δâ, where a = â is the mean value of the related ladder operatorâ, δâ =â − a 0 is the displacement operator, a 0 = â 0 is the mean value before the application of the field and ε is the dielectric tensor of the system. In principle, the dielectric tensor ε depends on all collective excitations of the system and when one of them gets excited (i.e., when δa = δâ = a − a 0 = 0) also ε gets modified: δε = ∂ε ∂a δa. Then, the reflectivity R measured by a second time-delayed pulse (e.g., the laser probe pulse) is different from the reflectivity measured at equilibrium (i.e., before the application of the pump pulse) R 0 : ∆R = R − R 0 ∝î · δε ·r, whereî andr are the incident and reflected directions. This mechanism is known as impulsive stimulated Raman scattering (ISRS) 37 and turns very efficiently TRR measurements into an invaluable tool to discover collective excitations: ∆R ∝ δa. Unfortunately, it is not possible to identify unambiguously the nature of the mode (spin, charge, orbital, . . . ) in this way, but it is possible to study the properties of the excitations by analyzing the features of the corresponding relaxation processes (lifetime of the mode, type and strength of its damping, . . . ). In fact, within the linear response regime (i.e., when
) and for pulses much shorter than the characteristic response time of the mode (i.e., wheń dt χ a (t − t ) F a (t ) ∝ χ a (t)), the change in reflectivity is proportional to the time-dependent impulsive response function χ a (t) of the excited mode: ∆R (t) ∝ χ a (t). Accordingly, in presence of one or more critically damped modes (i.e., when χ a (t) ∝ te −γat ), the differential transient reflectivity ∆R R0 (T, t) has the expression:
Such a behavior, at temperatures above the superconducting critical one, is exactly what has been found in Ref. 35 for a single mode that they assigned to the excitations responsible for the pseudogap phenomenology (Λ 1 and τ 1 ). Here, we search for a second mode of this very same kind whose Λ 2 and τ 2 present features that can be related to those of the in-plane resistivity of our three samples.
III. RESISTANCE MEASUREMENTS
DC sputtering technique was optimized to grow N d 2−x Ce x CuO 4±δ films on (100) SrT iO 3 (STO) substrates by using a single stoichiometric target as a sputtering source in an on-axis configuration with the substrate 6 . The films were grown in pure argon (Ar) (sample B) or in a mixed atmosphere of Ar and Oxygen (O 2 ), with ratio O 2 /Ar > 1%, at a total pressure of 1.7 mbar (sample C) and heater temperature of about 850°C. Part of the sample B was ex-situ thermally treated in flowing Argon at a temperature of 900°C to obtain the sample A, that shows a superconducting transition at temperature T c ∼ = 9.8 K (at 50% Rn) with ∆T c ∼ = 2 K. The morphology, phase composition, and purity of the grown samples were inspected by high-resolution x-ray diffraction and scanning electron microscopy combined with wavelength dispersive spectroscopy 6, 16 : well oriented films were obtained without spurious phases and a Cerium content of 0.17. The electrical transport properties were investigated by using the standard four probe technique in a Cryogenic variable-temperature system. The only difference among the three films, which have been fabricated ad hoc, is then the oxygen content and location that lead to completely different temperature dependences of the in-plane resistivity [see Fig. 1 ]: sample A (fabrication in oxygen-deficient atmosphere, hightemperature oxygen-reduction treatment) is a superconductor (T c ∼ = 9.8 K), sample B (fabrication in oxygendeficient atmosphere, no ex-situ thermal treatment) is a metal, and sample C (fabrication in oxygen-rich atmosphere, no ex-situ thermal treatment) is an insulator. Samples A and B feature a minimum in the resistivity at temperatures T A m = 77 K and T B m = 32 K, respectively. The presence of defects in the system is widely recognized as responsible for the minimum although the effective type of defects and the scattering mechanism are still very much debated [8] [9] [10] 21 .
IV. PUMP-PROBE MEASUREMENTS
The pump-probe experimental setup is based on a mode-locked Ti:sapphire (Ti:Sa) laser, delivering 100 fs pulses at a central wavelength of 795 nm (photon energy of 1.5 eV), at 82 MHz repetition rate. The laser beam is split into a p-polarized pump beam, chopped at 200 kHz, and a s-polarized probe beam 25 . The pump fluence on the sample ranges from 2 µJ/cm 2 to 45.5 µJ/cm 2 , while the probe fluence is fixed at 2 µJ/cm 2 . The sample is located into an optical cryostat, equipped with a cold finger and using a temperature controlled liquid helium continuous flow. The measurements were performed in a temperature range between 300 K and 5 K. For each temperature, the pump-probe signal is averaged over several fast-scan sweeps.
IV.1. Thermo-modulation
The normalized photoinduced transient reflectivity
of the three samples has been measured for various experimental conditions and is reported in Fig. 2 . For all three samples, the most evident feature is the presence of at least two components in the signal with opposite signs and different temperature dependences leading to an overall change of the amplitude from positive to negative on decreasing the temperature. It is worth noting that the positive component survives also at the lowest temperatures as it can be clearly seen at the shortest times for all three samples. At the highest measured temperature T max = 300 K, the signal is perfectly proportional to the probe fluence Φ [see Fig. 3 (a) ] as one expects if only the thermo-modulation 38 component of the signal would be present. We have exploited this occurrence to extract the other components of the signal and focus our analysis on them. In particular, we have subtracted the signal measured at the temperature T max from the signals measured at all other temperatures, assuming that the amplitude of the thermo-modulation component is independent of temperature. This is definitely true at almost all temperatures in the measured range as clearly shown by the almost perfect coincidence between the signals in Fig. 3 (b) at T = 75 K and T = 300 K for the maximum value of the fluence, Φ = 45.5 µJ/cm 2 , but it will introduce a systematic error in our analysis at the lowest temperatures [see Fig. 3 (c) ]. In fact, it is evident that when the temperature gets smaller and smaller and closer to the range where the superconductivity manifests, the assumption that the thermo-modulation component of the signal is independent of temperature is less and less robust and that higher values of fluence would be necessary to eliminate the other contributions. In Fig. 4 , the curves resulting from the subtraction of the one at the temperature T max are reported to show the absence of any further component forcing a change of sign and concavity at the shortest times. 
IV.2. Scaling analysis
Now, a scaling analysis of the data is necessary in order to verify the assumption that the differential transient reflectivity ∆R R0 (T, t) can be fitted and analyzed using expression (1) . Such an expression implies that the curves at all temperatures collapse one on top of the others if the data are scaled, temperature by temperature, by the coordinates of the related minimum. Actually, the scaling holds for both the linear decrease (at the shortest times) and the exponential increase (at longer times) only if just one relaxation channel is present, as in Ref. 35 , while the presence of more than one relaxation channel of the same type implied by (1) is signaled by a deviation from the scaling in the exponential increase. The actual robustness of the scaling at the shortest times [see Fig. 5 ] clearly signals that all relaxation channels are related to critically damped modes and that Eq. (1) holds. On the other hand, the spreading of the curves at longer times clearly signals that more than one relaxation channel is present in the system, very much differently from what found in Ref. 35 . This can be easily understood in terms of the significative difference in the relevance of the oxygen disorder between the two sets of samples.
IV.3. Relaxation channels analysis
Given the positive outcome of the scaling analysis for all three samples (see Fig. 5 ), we can confidently use Eq. (1) to analyze the data and determine the minimal number of relaxation channels necessary to fit them. This preliminary analysis shows that just two channels are active in all three samples and that only four parameters (Λ 1 , τ 1 and Λ 2 , τ 2 ) are necessary to fit the data at all analyzed temperatures. In Fig. 6 , the temperature dependence of these four parameters is reported and compared among the three different samples. The behavior of Λ T , which suggests that the excitations responsible for this relaxation channel are related to a hidden order establishing only at T = 0. This also suggests that these excitations are the same quasi-particles lacking global coherence often invoked to explain the opening of a pseudogap in the electronic density of states, reported in many different experiments, through a dynamic exchange with ordinary electrons. The first and most remarkable difference with respect to what found in 35 is the change of behavior, on decreasing temperature, in both Λ The presence of such a minimum in the resistance is due to disorder and it is evident that these pump-probe measurements are somehow sensitive to this latter. In particular, decreasing the temperature, starting right at T The qualitative and quantitative coincidence in A 1 and τ 1 across all three samples can be considered as a strong indication that there exists a strict relationship between the (antiferromagnetic) order leading to the insulating behavior in sample C and both the pseudogap phenomenon and the fastest relaxation channel in all three samples.
Once the behavior of Λ C 2 and of τ C 2 showed the existence of a kind of critical temperature, T C m , also for sample C, we have searched signatures of it also in the behavior of the resistance as a function of the temperature. Plotting the resistance of sample C on a log-log scale [see inset in Fig. 1(a) ] and the slope of the log-log tangent to the curve, − This is the most remarkable confirmation we could seek of the capability of pump-probe measurements to identify excitations relevant to transport and of the extreme sensitivity of such measurements. Starting from a picture where the perfect antiferromagnetic in-plane long-range spin order in the Cu-O planes is weakened (down to become just short-range) by oxygen vacancies, it is possible to conceive a unified scenario for both types of excitations revealed by the pump-probe TRR measurements. The first kind of excitations (those described by Λ 1 and τ 1 ) could be assigned to the in-plane magnetic fluctuations reminiscent of the antiferromagnetic order in the Cu-O planes and usually related to the pseudogap phenomenon. Instead, the second kind of excitations (those described by Λ 2 and τ 2 ) could be assigned to magnetic fluctuations of the out-of-plane components of the Cu spins induced by the O vacancies in the plane. In fact, the absence of an O breaks the exchange link between the two spins residing on the two nearest-neighbor Cu ions. This allows them to acquire out-of-plane components with a specific relative order between them and with respect to all other couples of out-of-plane spin components generated by O vacancies. This happens within a distance dictated by the residual correlation length of the underlying in-plane antiferromagnetic order. The temperature T m signals the predominance of disorder over all other source of scattering. The fact that T m can be decreased by repeated annealing procedures in O deficient atmosphere can be then explained as such annealing procedures allow the vacancies to maximize their distances minimizing their pairwise Coulomb potential. Then, the vacancies somehow order (or, at least, decrease their degree of positional disorder) with an overall reduction of their de-phasing capability and, therefore, relevance as scattering sources. According to this, the signals measured for samples obtained following different procedures of fabrication and annealing with respect to the O content and positional disorder is different, but coherent as we found.
V. SUMMARY
In summary, by carefully analyzing the resistance and the TRR of three ad hoc fabricated films of N d 1.83 Ce 0.17 CuO 4±δ differing only for the degree of disorder (mainly related to oxygen vacancies and nonstoichiometric occupations), we have established the existence of an excitation and of the related critically damped relaxation channel. The parametrization of this latter presents features in temperature connected one to one to the transport properties of the three samples, which are dictated by the presence of defects. This clearly demonstrates that TRR measurements can be extremely sensitive to disorder when this latter foster the emergence of new excitations in the system. A possible scenario for the assignment of the excitations revealed by the TRR measurements has been proposed that connects the antifer-romagnetic in-plane spin order, its canonical fluctuations inducing a pseudogap, its weakening through the insertion of O vacancies and the effect of the positional disorder of these latter (controlled through well-defined annealing procedures) on the appearence and position of a minimum in the resistance as a function of temperature and the excitations of out-of-plane magnetic fluctuations. We are quite confident that the collected data and the unambiguous experimental evidence of a connection between the two kind of measurements (optical spectroscopy and transport), but also the given possible scenario, will foster further experiments and investigations. 
